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Abstract
A TPC is considered as tracking detector at a future linear collider. The LCTPC (Linear Collider TPC) collaboration has
therefore constructed a prototype TPC for R&D purposes. MPGD readout structures, such as Micromegas or GEMs, are
being considered for the TPC since the demands on space and momentum resolution can not be met with a traditional
wire based readout. The prototype TPC is placed in a 1 Tesla magnet at DESY and tested using an electron beam.
Analyses of data taken during two diﬀerent measurement series, in 2009 and 2010, are presented here. The TPC
was instrumented with a two layer GEM system and read out using modiﬁed electronics from the ALICE experiment,
including the programmable charge sensitive preamp-shaper PCA16. The PCA16 chip has a number of programmable
parameters which allows studies to determine the settings optimal to the ﬁnal TPC. Here, the impact of the shaping time
on the space resolution in the drift direction was studied. It was found that a shaping time of 60 ns is the best setting (of
the available choices) for a sampling frequency of 20 MHz. In addition, the resolution in the bend plane was studied.
Unfortunately, the measurements suﬀered from distortions in the electric ﬁeld close to the readout, which deformed the
track projections and had to be corrected for. This was done using the Millipede method. The ﬁnal results obtained are
a resolution of 59.1 ± 0.4 μm in the bend plane and 204 ± 9 μm in the drift direction, both extrapolated to zero drift
distance. The measured values are consistent with the ﬁnal goal of the ILD.
c© 2011 Elsevier BV. Selection and/or peer-review under responsibility of the organizing committee for TIPP 2011.
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1. Introduction
A Time Projection Chamber (TPC) is proposed as tracking detector in the International Large Detector
(ILD) [1], a concept for a detector at the International Linear Collider (ILC) [2]. The ILC, if built, will
collide electrons and positrons at 500 GeV with a planned upgrade to 1000 GeV. One of the possible tasks
of the ILC would be to determine the mass of the Higgs boson which results in high requirements on the
transverse momentum resolution. The goal is 9 · 10−5 GeV−1, as given in the ILD letter of intent [1] (all
performance goals can be found here). This in turn requires a high spatial resolution. The goals are 100 μm
in the bend plane and 500 μm in the drift direction.
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Fig. 1. Sketch of the ﬁeld cage [3].
It has been shown that the goals can not be reached with traditional wire readout. Micro Pattern Gas
Detector (MPGD) systems have therefore been investigated, such as Gas Electron Multipliers (GEMs) and
Micromegas. Several small TPC prototypes have previously been constructed by diﬀerent institutes, which
ﬁnally led to the Large Prototype (LP) TPC, built within the LCTPC and EUDET collaborations. The
LP is designed to use diﬀerent types of readout and is placed inside a superconducting solenoid magnet,
providing a nominal ﬁeld of about 1 T, during tests conducted with a 5 GeV electron beam at DESY. During
the measurements described here, a gas mixture of 95% argon, 3%CF4 and 2% isobutane was used. This
will hereafter be referred to as T2K gas (as it is used in TPCs at the T2K experiment in Japan).
2. The ﬁeld cage
The ﬁeld cage [3] provides a homogeneous drift ﬁeld by means of a series of 210 ﬁeld strips lining the
inside of the TPC. Connected through a chain of 1 MΩ resistors they lie on a decreasing potential ladder
from anode to cathode, with the anode at ground potential and the cathode at a large negative potential
(-14kV), giving a drift ﬁeld of about 230 V/cm. A second layer, called the mirror strips, covers the gaps
between the strips of the ﬁrst layer and lie on an intermediate potential between the two neighbouring ﬁeld
strips. Together with the strips of the ﬁrst layer, the mirror strips serve to shield the chamber from external
ﬁelds and give the ﬁeld a high degree of homogeneity. The strips are 35 μm copper strips etched onto both
sides of a 75 μm thick kapton foil which is glued to the inside of the ﬁeld cage. The deviations of the drift
ﬁeld, ΔE/E, are with this design kept below 10−4.
The outermost layer of the ﬁeld cage barrel provides electrical shielding and consists of a 10 μm thick,
grounded copper foil and a 50 μm polyimide layer.
The supporting walls of the ﬁeld cage are made out of an aramid honeycomb structure sandwiched
between two layers of glass-ﬁber reinforced plastic (GRP) and an insulating polyimide layer. The polyimide
layer is 125 μm thick which has proved to be more than enough to prevent breakdowns at long term usage
at 20 kV. The thickness of the GRP layers were minimized to achieve a low material budget while at the
same time ensuring that the ﬁeld cage can withstand overpressures of up to 10 mbar without deforming
signiﬁcantly. A sketch of the ﬁeld cage can be seen in Fig. 1.
During measurements, the TPC is housed in a superconducting magnet (PCMAG) which deﬁnes the
dimensions of the TPC. The outer diameter of the TPC is 72 cm to give room for a silicon hodoscope
between the TPC and the magnet, which has an inner diameter of 86 cm. The length of the ﬁeld cage is 61
cm since this makes it ﬁt inside the region where the magnetic ﬁeld is suﬃciently homogeneous (≤3%).
3. End plate and pad layout
The anode end plate is made of aluminium and has seven keystone shaped slots to accomodate readout
modules and is designed to represent a small section of the ILD TPC. Thanks to this design, diﬀerent readout
technologies can be tested with the same TPC.
The readout modules are shaped to ﬁt in the slots of the end plate with dimensions of approximately
23 × 17 cm. The pad boards are etched onto multi-layer PC-boards and have 5152 pads each, organized in
 Martin Ljunggren /  Physics Procedia  37 ( 2012 )  583 – 590 585
Fig. 2. The leftmost ﬁgure shows how the GEM foils are mounted over the pad plane. In the middle, a GEM foil can be seen and to
the right a pad plane.
rows. Of these rows, the 14 in the outermost half contain 192 pads and the other 14 contain 176 pads with
a gap of 0.10 mm between the pads. All pads have a height of 5.26 mm and a width of about 1.1 mm that
varies slightly between rows since the modules do not have a rectangular layout. In Fig. 2, a pad board can
be seen.
4. GEM-modules
The GEM modules used in these measurements were developed by the Asian TPC group [4]. The GEM
foils consist of 5 μm thick copper layers separated by a 100 μm thick liquid crystal polymer insulator. The
holes are 70 μm in diameter and have a pitch of 140 μm. To allow mounting over the pad board, the long
sides of the GEM foils are glued to thin G10 frames. The short sides have no support, which minimizes the
dead area between the modules. In order to stretch and keep the GEM foils in position, metallic support
pillars, which correspond to holes in the G10 frames, are mounted on the long sides of the pad plane.
In these measurements, two GEM foils were used in each module. The thickness of the G10 frames
decide the spacings in the GEM stack. This gives a trans f er gap (i.e. the gap between the two foils) of 4
mm and an induction gap (between the pad plane and the last foil) of 2 mm. The electric ﬁelds in both gaps
are set to 900 V/cm.
To have a homogeneous drift ﬁeld, the outermost GEM plane has to be on the potential corresponding
to its location in the ﬁeld cage, i.e. the same potential as the ﬁeld strip of that location. A third GEM foil, a
gating GEM, was planned and would have been at the location of the seventh strip from the anode. However,
the gating GEM was not mounted, and the metallic support pillars were therefore exposed to the drift region,
which deformed the electric ﬁeld and ultimately caused the drifting electrons to deviate from their straight
paths from ionization point to the pad plane. The recorded track images were therefore deformed. This will
be described further below.
5. Electronics
The readout is based on electronics from the TPC in the Alice experiment at the LHC [5]. The 16-
channel PCA16 is a charge sensitive preampliﬁer and shaper, designed to allow for programmable gain,
shaping time, decay time and polarity. The ability to change these settings will allow studies to determine
the optimal parameters for the ﬁnal TPC.
Analogue to digital conversion and sampling is performed by the ALTRO chip (Alice TPC ReadOut).
The chip has a sampling rate of 20 MHz and is capable of buﬀering 1024 ADC samples of an event, which
corresponds to 50 microseconds at 20 MHz, with a precision of 10 bits. 50 μs is more than enough for the
purposes of this experiment since the drift velocity in the T2K gas at 230 V/cm is about 7cm/μs. This allows
a maximum drift length of about 350 cm which can be compared to the length of the LP (61 cm). Pedestal
subtraction and zero suppression is also performed by the ALTRO. The pedestal values are acquired by
performing dedicated pedestal runs without beam. Zero suppression is then performed with the pedestals
already subtracted. A pulse will pass the zero suppression when two consecutive samples are above the
programmable threshold. These two and all samples above the threshold that follow them are considered to
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belong to the same pulse. In addition, the three samples preceding the pulse and the seven after the pulse
falls below the threshold again are included.
The PCA16 and the ALTRO chips are sitting on Front End Cards (FECs). Each FEC has eight PCA16s
and eight ALTROs, resulting in 128 channels per FEC. The pads are connected to the FECs via 30 cm
long kapton cables. The FECs are in turn controlled by a Readout Control Unit (RCU). Data passing the
zero suppression is collected from the ALTRO memory and sent to a PCI-card (DRORC, Detector ReadOut
Receiver Card) in a computer and then further on to the DAQ software which has been written speciﬁcally
for the Large Prototype. It is using the ALICE drivers and libraries with a readout system built on top. It
performs the setup (e.g. conﬁguration of the PCA16 and ALTRO chips), readout and data storage. Run
control is provided in a JAVA-based graphical user interface (GUI) where options such as gain and shaping
time for the PCA16s can be set.
6. The magnet
A superconducting solenoid magnet, PCMAG (Permanent Current Magnet), provides a magnetic ﬁeld
for the TPC. It was originally constructed for the BESS-Polar balloon experiment doing cosmic ray exper-
iments over Antarctica. The magnet has a cylindrical bore with a radius of 86 cm, where the LP is placed
during test runs. The ﬁeld was set to a nominal value of 1 T.
The design of PCMAG gives a high homogeneity in the center of the solenoid, which is where the TPC
is placed during data taking. Here, the ﬁeld should be homogeneous to within 3% accuracy. Originally, this
limited the drift lengths that were available for testing since varying the drift length involved moving the
TPC inside the magnet. Thus, only drift lengths up to about 30 cm were possible without placing parts of
the TPC in regions of inhomogeneous magnetic ﬁeld. To get access to longer drift lengths, the magnet was
placed on a movable table. In this way, the entire length of the TPC can be investigated.
7. Geometry
Fig. 3 shows a visualization of the pad plane, seen from a position outside the TPC facing the endplate.
To the right, the three modules used in September 2010 are shown. The black regions indicate instrumented
pads, whereas the gray area shows the pads without instrumentation. The instrumented pads were chosen in
this way to be able to measure tracks over the full radial length of the TPC. The support pillars of the gating
GEM are indicated by the squares on the module edges. The circles represent high voltage lines for the
GEMs. A typical event is also shown, with the beam entering from the right. To the left in the same ﬁgure,
the corresponding picture is shown for the measurements of July 2009 with only one module instrumented.
The coordinate system is deﬁned with the origin in the middle of the pad plane, as indicated in Fig. 3.
The z-direction is deﬁned parallell to the drift direction, with origin at the pad plane and pointing towards
the cathode. The x-axis is oriented approximately perpendicular to the pad rows and the y-axis parallell to
the rows.
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Fig. 3. The instrumented region of the pad planes (black regions) in July 2009 (left) and September 2010 (right)
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8. Reconstruction method
The recorded data consists of the charge collected on the pads, which is sampled and digitized at 20MHz.
The raw data thus contains the sampled ADC values, channel number and time information of the collected
pulses. A pulse is here deﬁned as the samples that get grouped together as described in the electronics
section, containing at least two consecutive samples above a programmable threshold. The pulses are used
as the basis for the reconstruction procedure.
The largest ADC-value of the pulse is proportional to the total collected charge and is therefore chosen
to represent the charge of the pulse. The arrival time of the pulse is chosen as the mean of ﬁve samples
around the peak of the pulse, weighted according to sample height. Pulse coordinates in the bend plane are
taken as the coordinates of the pad center on which the charge was deposited. In the drift direction, a pulse
coordinate is obtained using the arrival time of the pulse and the electron drift velocity in the gas.
Pulses close to each other in time that lie on adjacent pads are grouped into clusters to get a projection
of the track on the pad plane. The coordinates of the cluster are calculated as a charge weighted average of
the constituent pulse coordinates.
For track ﬁnding, a simple algorithm is used. A cluster at the edge of the sensitive area is chosen as a
starting point of a track candidate and a search window is deﬁned in the adjacent row. If a cluster is found
inside this window, it is added to the track. If not, the search continues in the next row. Here, a cluster
must be found or the track candidate will be rejected. This algorithm will of course have problems in an
environment of high track density but works well here.
A number of cuts were made to ensure good quality of the included tracks. As mentioned, a maximum
number of two missing hits were required so that the track must have hits in all but two rows. In addition, the
track is required to go through the middle of the module to avoid edge eﬀects such as poorly reconstructed
clusters where some of the charge ends up outside the sensitive region. To keep the conditions simple, events
with multiple tracks were excluded.
Fig. 4. Left: Residuals for 10000 tracks vs pad row for B=0 T and drift length of 5 cm. Right: Residuals for 10000 tracks vs pad row
for B=1 T and drift length of 10 cm.
9. Alignment correction
The inhomogeneity of the electric ﬁeld close to the GEMs caused a distortion of the recorded tracks. The
distribution of residuals, row by row, are shown in Fig. 4 for both straight and curved tracks. The residuals
are calculated as the distance from the cluster coordinates to the ﬁtted track. For the tracks taken with the
magnetic ﬁeld turned oﬀ, the ﬁtted track model is a straight line since the absence of ﬁeld should mean that
straight tracks are recorded. The fact that the residuals are not lined up around zero indicates that the ﬁtted
track model does not describe the recorded tracks accurately. With the magnetic ﬁeld on, the helical tracks
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Fig. 5. Left: Residuals for 10000 tracks vs pad row for B=0 T and drift length of 5 cm. Corrections have been applied. Right:
Residuals for 10000 tracks vs pad row for B=1 T and drift length of 10 cm. Corrections have been applied.
are approximated with a second degree polynomial. Also here, the residual distribution indicates that there
is a distortion.
To correct for this, the Millepede program package [6] was used to make a correction of the cluster
coordinates on a row-by-row basis. During a run, the beam is not moved. This mean that every electron
follows the same trajectory if the beam spread and tracks coming from particles having interacted before
reaching the sensitive volume are ignored. The drifting electrons should therefore be displaced with approx-
imately the same amount. Millepede makes a least squares ﬁt of all tracks simultaneously. By including the
distortions in the y-direction as parameters of the ﬁt (one for each pad row), a correction was obtained. With
applied corrections, the residuals line up around zero (Fig. 5).
10. Resolution in the drift direction
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Fig. 6. Left: Measured resolution in the z-direction for diﬀerent drift lengths and shaping times. The best results are obtained with a
shaping time of 60ns. An extrapolation to the full drift length (2.15 m) gives 446 ± 9μm, well below the goal resolution of 500 μm.
Right: Here, the ﬁt is performed on the points measured for a shaping time of 120 ns. An extrapolation of this line to 2.15 m gives
463 ± 6μm.
Before the movable table was installed, a scan over the diﬀerent settings of the PCA16 was made. A
similar study has not been made using the table. Therefore, the following study is limited to four diﬀerent
drift lengths. In Fig. 6, the measured resolution as a function of drift length is shown for diﬀerent shaping
times. It shows an improvement in resolution with decreasing shaping time except for the setting of 30 ns
shaping time which is worse than the previous one (60 ns). This is not surprising since the pulse shape is
small compared to the sampling rate for a peaking time of 30 ns. To determine the arrival time of the pulse
with good precision, at least a few samples of the rising edge are required and the resolution should therefore
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Fig. 7. Measured resolution for diﬀerent drift lengths. The line crosses the y-axis at 0.00349 mm2 which corresponds to an intrinsic
resolution of σy(0) = 59.1 ± 0.4 μm.
get worse when the number of samples become too few. An extrapolation of the 60 ns measurements to zero
drift distance gives σz(0) = 204 ± 9 μm.
The design goal of the ILD TPC is a resolution in the drift direction of ≤ 500μm. This is the value
envisaged for the resolution at the maximum drift length. This corresponds to half the total length of the
ﬁnal TPC (4.3 m), since it is divided into two halves, with separate read out structures at each end and the
cathode in the middle. An extrapolation of the 60 ns measurements to the full drift length of 2.15 m gives
446±9μm, which is better than the goal resolution. The resolution is good enough already at a shaping time
of 120 ns however, as an extrapolation to the full drift length gives a resolution of 463 ± 6μm, as shown in
Fig. 6. In this case, the resolution at zero drift length, σz(0), is 244 ± 11 μm.
11. Resolution in the bend plane
The measurements made in September of 2010 included a ﬁeld shaping device designed to compensate
for the ﬁeld distortions due to the missing gating GEM. A miscalculation of the voltage however meant that
there were still signiﬁcant distortions present. An attempt to correct for the distortions was made, using the
Millepede software package as described above. During these runs the movable table was installed, which
made it possible to move the magnet itself instead of moving the TPC inside the magnet. This gave access
to longer drift distances.
Fig. 7 shows the measured resolution versus drift length after the corrections have been implemented.
The shaping time was set to 120 ns. A ﬁt to the data points give an intrinsic resolution σy(0) = 59.1±0.4 μm.
In the ILD TPC, a magnetic ﬁeld of 3.5 T will be used. This will give an even smaller slope than the one
found here for 1T. As a comparison, Fig. 8 shows the measured points together with a theoretical calculation
done in [7]. Unfortunately, the calculations were performed using a somewhat diﬀerent range of conditions
and has not yet been repeated for the conditions presented here. Nevertheless, a comparison could still be
useful. The comparison shows that the data is slightly better than the calculation. The theoretical resolution
at 4 T is essentially constant as a function of drift distance and the 1 T data measured here gives a resolution
that is slightly better than the one given by the calculation at 1 T. It is therefore reasonable to conclude that
the design goal of a resolution better than 100 μm would be reached with the Large Prototype in 3.5 T.
The transverse momentum (PT ) resolution has not yet been measured directly since there is a certain
momentum spread in the beam and no external detector is available to measure the momenta of individual
electrons. The results on spatial resolution can however be used to give an estimation using the Glu¨ckstern
equation, δ( 1PT ) =
σy
0.3L2B
√
720
N+4 [8], where B is the magnetic ﬁeld, L is the track length and N is the number of
measured points. If now the foreseen parameters of the ﬁnal TPC are inserted, B = 3.5 T, N = 224 (based on
5 mm long pads) and L = 130 cm, and assuming a point resolution of 60 μm, we get σ( 1p ) ≈ 6×10−5 GeV−1,
which is somewhat better than what is aimed for ( ∼ 9 ×10−5 GeV−1).
The track correction made is based on the assumption that the distortions do not vary signiﬁcantly
within a pad row. However, the distortions likely varies also within a row. The eﬀect of this has not been
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Fig. 8. Predicted resolution for diﬀerent magnetic ﬁeld strengths and slightly diﬀerent conditions. Also shown are the points measured
experimentally (shown in Fig. 7).
investigated but it is reasonable to assume that the electrons are aﬀected diﬀerently depending on where in
the pad row they arrive. If a completely distortion free environment cannot be obtained, the results from an
investigation of this would be very useful.
12. Summary
Data from test measurements using a TPC prototype with GEM readout have been analysed as part of
research and development towards a tracking detector in a future linear collider.
The data was collected during July 2009 and September 2010. It suﬀered from eﬀects of an inhomo-
geneous ﬁeld near the GEMs. The resulting distortion on the recorded tracks were corrected for using
the Millepede software package. The result was an estimated intrinsic resolution in the bend plane of
σy(0) = 59.1 ± 0.4 μm. A comparison of the measured points to theoretical calculations, albeit made for
slightly diﬀerent parameters than the ones used in the measurement, gives reason to believe that the reso-
lution for a magnetic ﬁeld of 3.5 T, the design ﬁeld of the ILD TPC, will be well below the required 100
μm.
In the drift direction, the shaping time of electronics was found to be important. The resolution improved
with decreasing shaping time until the shaping time went below the time of a sampling interval. The best
resolution was measured with a shaping time of 60 ns. Going below this, the resolution got worse. This
is probably due to the fact that the shaping time becomes less than one sampling interval (50 ns at 20
MHz) which means that there is not enough points for a good determination of the pulse arrival time.
An extrapolation to the maximum drift length of the ﬁnal TPC, 2.15 m, gives an estimated resolution of
σz(2.15) = 446 ± 9 μm, which is well below the desired 500 μm. The resolution is good enough already at
a shaping time of 120 ns however, with σz(2.15) = 463 ± 6μm.
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